Throughout development, bipotential cells use environ mental cues to determine cell fate, and elucidating the mechanisms by which they do so continues to be a fascinating area of investigation. An immunologically relevant example of bipotential cellfate determination is the differentiation of CD4 + CD8 + (double positive; DP) thymocytes into either CD4 + helper T cells or CD8 + cytotoxic T cells. DP thymocytes are the first cells in the Tcell developmental pathway to express fully assem bled αβ Τcell receptor (TCR) complexes on their cell surface (FIG. 1) , and it is the ligand specificity of their TCR that determines their subsequent developmental fate. αβTCRs are somatically generated transmembrane receptors with clonally unique structures that allow for a hugely diverse repertoire of recognition specifici ties. However, most thymocytes express αβTCRs that are incapable of engaging selfMHC molecules and are therefore not useful to the host immune system. To eliminate cells expressing TCRs that cannot engage selfMHC molecules, DP thymocytes are subjected to strict selection pressures such that cells that bear poten tially useful TCRs are the only ones that are signalled to survive and to continue their differentiation into functionally mature T cells. Most DP thymocytes do not receive TCR survival signals and undergo 'death by neglect' through programmed cell death because their TCR cannot engage selfMHC molecules. This lifeor death TCRmediated signalling event in DP thymocytes is referred to as positive selection and results in the survival and maturation of cells that bear potentially useful TCRs.
The success of positive selection in identifying poten tially useful TCRs requires that DP thymocytes depend solely on signals that are downstream of TCR ligation for their survival and that DP thymocytes be unresponsive to other survival signals. As a result, DP thymocytes are unique among Tlineage cells in that they are virtually refractory to the prosurvival cytokine interleukin7 (IL7). This is partly because DP thymocytes do not express receptors for IL7 or most other prosurvival cytokines and partly because DP thymocytes express high levels of SOCS1 (suppressor of cytokine signalling 1), which is a potent intracellular suppressor of cytokine signal transduction 1, 2 . DP thymocytes are also unique among Tlineage cells in that they express both CD4 and CD8 coreceptors. CD4 and CD8 coreceptors are transmembrane pro teins with extracellular domains that promote TCR engagement of MHC ligands and intracellular domains that enhance TCR signal transduction. As a result, CD4 and CD8 are molecules that promote signalling by MHCrestricted TCRs. The extracellular domains of CD4 and CD8 bind specifically to invariant deter minants on MHC class II and MHC class I molecules, respectively, and their intracellular domains associate with the protein tyrosine kinase LCK, which initi ates TCR signal transduction when it is enzymatically activated [3] [4] [5] [6] . By binding to the same peptide-MHC complexes that have engaged the TCR, CD4 and CD8 bring intracellular LCK into physical proximity with the cytosolic domains of the engaged TCR to initi ate signalling 7, 8 . And, by expressing both coreceptor molecules, DP thymocytes receive signals from both MHC class I and MHC class IIrestricted TCRs, so that all potentially useful TCRs can generate positiveselection signals and rescue DP thymocytes from cell death. DP thymocytes that have been positively selected ultimately develop into either CD4 + or CD8 + single positive (SP) T cells, with their precise lineage fate being determined by the MHCrestriction specificity of their TCR
. With remarkable consistency, DP thymocytes that receive signals through MHC class IIrestricted TCRs differentiate into CD4 + T cells, whereas DP thymocytes that receive signals through MHC class Irestricted TCRs differentiate into CD8 + T cells. The mechanism by which TCR specificity dictates CD4/CD8lineage choice has been a difficult problem to unravel and has been the subject of intense debate for the 20 years since TCRtransgenic mice first revealed that CD4/CD8lineage choice was deter mined by the MHCrestriction specificity of the TCR 9 . Fortunately, the environmental cues, cellular signals and transcription factors that are involved in lineage choice have now been further clarified. Although many aspects continue to be debated, a coherent and unified picture of positive selection and CD4/CD8lineage choice is now emerging.
The cellular and molecular mechanisms that under lie CD4/CD8lineage choice have been as much the subject of abstract model building as they have been the subject of experimental analyses. In trying to under stand CD4/CD8lineage choice, abstract models have provided the intellectual rationale for the experiments that followed. As logic stipulates that abstract models cannot be proven but can only be disproven, the point of model building and testing is to provoke experiments that invalidate the underlying presumptions on which different models are based. This Review discusses the main models of CD4/CD8lineage choice and uses them as prisms through which to appreciate the experimental findings that have advanced our understanding of this biological puzzle.
Classical models of CD4/CD8-lineage choice As DP thymocytes are bipotential cells that express both CD4 and CD8 coreceptors, CD4/CD8lineage choice was classically thought to result in the transcriptional termination of one or the other coreceptor gene as a consequence of the same TCR signalling event that medi ates positive selection. All classical models of CD4/CD8 lineage choice incorporate this perspective and fall into two main categories, 'stochastic' or 'instructive' , which differ depending on whether termination of coreceptor transcription is random or instructed. Stochastic and instructive models of CD4/CD8lineage choice were initially thought to represent two extremes that covered the full range of logical possibilities 10 Depending on the timing of their expression of a functional αβTCR, DP thymocytes can be signalled to undergo positive selection either when they express low levels or high levels of both co-receptors.
Box 1 | Possible basis for thymic selection of an MHC-restricted TCR repertoire
It is not understood why double positive (DP) thymocytes bearing MHC-restricted T-cell receptors (TCRs) are the only DP thymocytes that are signalled to undergo positive selection, and why DP thymocytes bearing TCRs with the potential to engage non-MHC ligands are not also positively selected. Given that randomly generated TCRs have extensive diversity, it seems unlikely that all TCRs would display exclusive specificity for MHC ligands, although this is a formal possibility 104, 105 . A recently proposed solution 106 to this problem is based on the fact that both CD4 and CD8 co-receptor molecules are expressed on individual DP thymocytes and that their level of LCK is limited 107 . So, most of the LCK that would be available to initiate TCR signalling in DP thymocytes associates with one or the other co-receptor molecule, with little 'free' LCK remaining 108 . Productive TCR signalling in DP thymocytes therefore requires co-engagement of TCRs with co-receptors that are associated with LCK 106 . TCRs that engage MHC ligands do so together with CD4 or CD8 molecules, whereas TCRs that engage non-MHC ligands do so independently of co-receptor molecules. Consequently, DP thymocytes can be signalled by MHC-restricted TCRs to undergo positive selection, whereas DP thymocytes bearing MHC-independent TCRs cannot be signalled and die of neglect -even though their TCRs may have engaged an intrathymic ligand 106 . Consequently, co-expression of CD4 and CD8 by DP thymocytes contributes to focusing the mature T-cell repertoire on MHC in two ways: by inhibiting positive-selection signalling by TCRs that engage non-MHC ligands in the thymus 106 and by promoting positive-selection signalling by TCRs that engage MHC ligands.
set of fundamental principles: positive selection and lineage commitment are simultaneous events that are induced by the same TCR signals; TCR signals during positive selection can selectively terminate either Cd4 or Cd8 gene expression; and selective termination of either coreceptor gene is irreversible and indicative of commitment to the opposite coreceptor lineage.
The stochastic selection model. The stochastic selection model of CD4/CD8lineage choice suggests that termi nation of coreceptor gene expression during positive selection of DP thymocytes occurs randomly [11] [12] [13] [14] [15] [16] and that a second TCRdependent 'rescue' step occurs after positive selection, so that only SP thymocytes with matching TCRs and coreceptors survive and differ entiate into mature T cells (FIG. 2a) 
Immunoreceptor tyrosine-based activation motif
A short peptide motif that contains tyrosine residues, is found in the cytoplasmic tail of several signalling adaptor proteins and is necessary to recruit proteins that are involved in triggering activating signalling proteins. The consensus sequence is Tyr-X-X-(Leu/Ile)-X 6-8 -Tyr-X-X-(Leu/Ile), in which X denotes any amino acid.
thymocytes that had terminated endogenous Cd4 gene expression 12, 17 . Similarly, deletion of the endogenous control element that is responsible for silencing Cd4 gene transcription resulted in persistent CD4 expression by all thymocytes and in mature CD8 + T cells bearing mismatched MHC class IIrestricted TCRs 14 .
Because the stochastic selection model predicts that CD4/CD8lineage choice occurs randomly in TCRsignalled DP thymocytes, lineage choice is pre dicted to be highly inefficient, with 50% of potentially useful TCRs being lost because they are present on thymocytes that no longer express the matching co receptor molecule. However, the number of T cells that were rescued by transgenic coreceptors in these rescue experiments never approached 50% of posi tively selected thymocytes as would be predicted for a random event. Also, experiments that measured the efficiency of repertoire selection of thymocytes bearing transgenic TCRs showed that repertoire selection could approach 90% efficiency 18 , which is a level that cannot be reconciled with the central premise of the stochastic selection model.
The rescue step of the stochastic selection model requires that newly arising SP thymocytes be short lived cells that die rapidly if their TCRs and coreceptors do not have matching MHC specificities. However, this key requirement of the stochastic selection model has been contradicted by observations that SP thymocytes with mismatched TCRs and coreceptors are not shortlived but are sufficiently longlived to differenti ate into functionally mature T cells that emigrate into the periphery 19, 20 . So, core principles of the stochastic selection model have been contradicted by experimental observation.
Strength-of-signal instructional model. Instructive models of CD4/CD8lineage choice postulate that during positive selection, TCR signals direct DP thymocytes to specifically terminate the expression of the mismatching coreceptor molecule. Consequently, instructive models require that MHC class I and MHC class IIrestricted TCR signals be distinct from one another.
In the original instructional model, CD4 and CD8 coreceptors were thought to transduce qualitatively different instructional signals 21 . However, this idea was subsequently replaced by the proposal that DP thymo cytes are instructed by differences in the strength of the signals that are transduced by TCR and coreceptor coengagement during positive selection 22 (FIG. 2b) .
Because the cytosolic tail of CD4 binds significantly more intracellular LCK than the cytosolic tail of CD8 (REFS 5, 23) , TCR and CD4 coengagement generates strong signals, whereas TCR and CD8 coengagement generates weak signals. It is the relative strength of these signals that induces thymocytes to specifically termi nate either Cd8 or Cd4 gene expression 22 . Formulation of the strengthofsignal instructional model was prompted by experiments that used chimeric co receptor transgenes that encoded CD8α molecules with cytosolic tails that were engineered to express the cytosolic domain of CD4 (REF. 22 ). In vivo expression of chimeric CD8-CD4 transgenic molecules resulted in the development of MHC class Irestricted CD4 + T cells, presumably because MHC class Irestricted DP thymocytes were directed to become CD4 + T cells. However, thymocytes bearing very lowaffinity MHC class Irestricted TCRs that were specific for the male HY antigen (HY TCR) were not directed to differentiate into CD4 + T cells 22 . Consequently, it was proposed that lineage choice was dictated by the overall strength of the signals that are transduced by coengaged TCR and coreceptor molecules, with strong signals promot ing CD4lineage choice and weak signals promoting CD8lineage choice 22 . As MHC class I and MHC class IIrestricted TCRs presumably had similar ligand affinities, it was quantitative differences in the intensity of signalling between CD4 and CD8 coreceptors that mainly determined CD4/CD8lineage choice.
The strengthofsignal model provided a straightfor ward explanation for experiments that manipulated the activity of intracellular kinases, such as LCK 24, 25 , CSK (Cterminal SRC kinase) 26 , TeCfamily kinases 27-29 and eRKs (extracellularsignalregulated kinases) [30] [31] [32] [33] in DP thymocytes. These experiments revealed that increased kinase activity favoured CD4 + Tcell differ entiation, whereas decreased kinase activity favoured CD8 + Tcell differentiation. However, the crucial experiments for the strengthofsignal model assessed its core concept by directly altering the signalling intensity of the TCR or coreceptor molecules them selves. When these experiments were carried out, it became clear that signal intensity did not determine CD4/CD8lineage choice.
The effect of TCRsignalling intensity on lineage choice was experimentally assessed by altering the number of immunoreceptor tyrosine-based activation motifs (ITAMs) that were contained within each TCR signalling complex 34 . Reductions in the number of TCR ITAMs decreased TCRsignalling intensity and resulted in the generation of fewer SP T cells, but did not alter CD4/CD8lineage choice 34 . Regardless of the number of ITAMs, thymocytes expressing MHC class IIrestricted TCRs still differentiated into CD4 + T cells and thymocytes expressing MHC class Irestricted TCRs still differentiated into CD8 + T cells. This finding was recently confirmed with ITAMdeletion mutant mice 35 and contradicts the core concept of the strengthofsignal model.
The contribution of coreceptor ligation to TCR signalling intensity has also been carefully reexamined for its effect on CD4/CD8lineage choice. experiments reassessed the effect of chimeric CD8-CD4 trans genic coreceptor molecules on lineage choice by MHC class Irestricted thymocytes and replicated the original experiments that prompted the strengthof signal model 22 , but in CD8αdeficient mice 36 . Without endogenous CD8α molecules to complicate the experi mental results, it could be seen that the expression of strongersignalling chimeric CD8-CD4 coreceptors did not preferentially direct MHC class Irestricted thy mocytes to differentiate into CD4 + T cells 36 , as had been originally thought 22 . Consequently, a definitive assessment of the role of coreceptor signal strength in determin ing lineage choice was carried out with mice in which the endogenous Cd8a gene was engineered to encode the cytosolic tail of CD4 (REF. 37 ). The engineered endo genous gene (named Cd8.4) encoded strongersignalling CD8-CD4 chimeric coreceptor proteins, and their effects on thymocyte development were independ ent of potential transgenic artefacts. The results were unequivocal: expression of strongersignalling CD8.4 coreceptors quantitatively increased thymic selection of MHC class Irestricted T cells but had no effect on CD4/CD8lineage choice, as MHC class Irestricted T cells in CD8.4 mice were exclusively CD8 + T cells 37 . So, experiments with both endogenous and transgene encoded CD8-CD4 chimeric coreceptor molecules contradicted the premise of the strengthofsignal instructional model.
Although the key requirements of the strength ofsignal model of CD4/CD8lineage choice have been directly contradicted by experimental observa tions, experimental testing of the strengthofsignal model provided an answer to a different question: why do CD4 + T cells outnumber CD8 + T cells in most mammalian species? As the signalling intensity of the CD4 coreceptor is greater than that of the CD8 coreceptor, TCR coengagement with CD4 induces quantitatively more DP thymocytes to undergo posi tive selection than TCR coengagement with CD8, which results in higher numbers of mature CD4 + T cells than CD8 + T cells 36, 37 . 39 and that they are the precursors of both CD4 + and CD8 + mature T cells 41, 42 . However, the molecular basis by which cell surface CD8 expression is selectively decreased on TCR signalled DP thymocytes, which results in an asymmetric CD4 + CD8 low phenotype, is strongly disputed 39, 40, [43] [44] [45] . + CD8 low cells by terminating endogenous Cd8 gene expression, then the surface expression of endogenously encoded cellsurface CD8 alone would be decreased. In fact, in vivo MHC class Iinduced sig nalling in DP thymocytes only decreased the surface expression of endogenously encoded CD8 proteins and not that of transgenically encoded CD8 proteins. Therefore, the asymmetric loss of surface coreceptor expression on TCRsignalled DP thymocytes is due to the downregulation of Cd8 gene expression 48 , rather the internalization of CD8 surface proteins 48, 49 . Thus, the requirement of the durationofsignal instructional model that makes it a classical model has been experimentally contradicted. However, the concept that TCRsignal duration is a major determi nant of CD4/CD8lineage choice remains valid and is a central feature of the kinetic signalling model (see following section).
Kinetic signalling model: a non-classical model
On the basis of evidence that has been obtained so far, CD4/CD8lineage choice seems to be best explained by the kinetic signalling model. This model proposes that CD4/CD8lineage choice is determined by TCRsignal duration and that cytokines of the common cytokinereceptor γ-chain (γ c ) family, such as IL7, serve as 'sensors' that detect the duration of the TCR signal 39, 40, 50 (FIG. 3) .
The kinetic signalling model is based on a different set of fundamental principles than those that underlie classical models, as it was prompted by experimental observations that could not be reconciled with the concepts on which classical models are based. (FIG. 4a) . By contrast, signalling by MHC class Irestricted TCRs is dependent on CD8 and so would cease in the absence of Cd8 gene transcription (FIG. 4b) (FIG. 4c) . Indeed, coreceptor reversal is the cornerstone of the kinetic signalling model and depends on signalling by IL7 and possibly other intrathymic γ c cytokines 39, 51 . As coreceptor reversal only occurs in thymocytes that are no longer receiving TCR signals, cytokines such as IL7 are important for their survival 51 . The theory that differentiation into CD8 + T cells is IL7 dependent, whereas differentiation into CD4 + T cells is IL7 independent, is supported by several observations. More specifically, CD4 and CD8 SP thymocytes differ in cellsurface expression of glucose transporter type 1 (GLuT1), which is quantitatively upregulated by IL7 (REFS 54, 55 + Tcell differentia tion is driven by cytokinereceptor signals. Interestingly, the molecular mechanisms that underlie these events are steadily becoming clarified (see later).
Co-receptor gene transcription and kinetic signalling.
Cd4 gene transcription is regulated differently from Cd8 gene transcription 58, 59 (FIG. 5a) . Cellspecific expression of Cd4 results from the activity of a silencer element that abrogates Cd4 gene transcription in CD4 -cells 60, 61 . By contrast, cellspecific expression of Cd8 is the result of stagespecific enhancer elements that actively induce its expression in CD8 + T cells 62, 63 . Five enhancer elements that regulate the expression of the Cd8a gene have been identified (known as e8 I -e8 v ) [62] [63] [64] [65] , and two of these enhancer elements might be particularly relevant to our understanding of CD4/CD8lineage choice, as the e8 III enhancer is active only in DP thymocytes 66 and the e8 I enhancer is active in CD8 SP thymocytes and CD8 + T cells 64, 67 . It is possible to combine the concepts of the kinetic signalling model with the transcrip tional control elements that regulate Cd4 and Cd8 gene expression to better understand lineagefate deci sions (FIG. 5b) . The kinetic signalling model predicts that e8 III enhancer activity is suppressed by positively selecting TCR signals, as TCR signalling suppresses Cd8 gene expression in DP thymocytes. In fact, it has been shown that TCR signalling of DP thymocytes suppresses e8 III enhancer activity 20 . It can also be pre dicted that e8 I enhancer activity is responsive to the IL7R signals that reinitiate Cd8 gene transcription in Cd4 + Cd8 -intermediate thymocytes that are undergo ing coreceptor reversal. e8 I enhancer activity and Cd8a gene transcription have both been shown to be increased by IL7mediated STAT5 (signal transducer and activator of transcription 5) signals 53 . Interestingly, STAT5 deficiency in mice does not specifically abrogate CD8 + Tcell differentiation 68 , but this could be due to IL7Rsignal transduction by other STAT molecules that substitute for STAT5 in STAT5deficient thymocytes.
In vivo assessments. A key concept of the kinetic sig nalling model that has been tested in vivo is that TCR signal disruption invariably leads to CD8lineage choice, even for thymocytes expressing MHC class IIrestricted TCRs 39, 51 . One experimental model that was used to assess this prediction was carried out in mice in which expression of ZAP70 (ζchainassociated protein kinase of 70 kDa) was placed under the control of enhancer and promoter elements from the adenosine deaminase (Ada) gene so that Zap70 gene expression would be halted during positive selection 69 . In Ada-Zap70 trans genic mice (which lacked endogenous ZAP70 expres sion), ZAP70 was expressed in DP thymocytes but not in CD4 + CD8 low intermediate thymocytes. Because ZAP70 is required for TCRsignal transduction [70] [71] [72] , TCR signalling ceased in all CD4 + CD8 low intermediate thymocytes 69 . As a result, all positively selected thymo cytes in Ada-Zap70 transgenic mice, including those expressing MHC class IIrestricted TCRs, differentiated into CD8 + T cells, which confirms that cessation of TCR signalling in intermediate thymocytes results exclusively in CD8lineage choice.
A core concept of the kinetic signalling model is that TCRmediated positiveselection signals lead to the termination of Cd8 gene transcription, which even tually disrupts MHC class Irestricted TCR signalling and leads to CD8lineage choice. However, if regula tory elements of the Cd8 gene also controlled Cd4 gene expression, one would predict that positive selection would be followed by a steady decrease in cellsurface CD4 expression that would eventually disrupt MHC class IIrestricted TCR signalling and therefore lead to CD8lineage choice, despite the MHC class II restriction of the TCR. This prediction has been tested in an in vivo experimental model in which Cd4 gene expression was placed under the control of the e8 III enhancer (which is active in preselection DP thymocytes but is inactivated by TCR signalling) 20 . In e8 III -Cd4 transgenic mice that lack endogenous CD4 expression (referred to as 8DP4 mice), the expression of transgenic CD4 proteins was high on preselection DP thymocytes but steadily declined on intermediate thymocytes in parallel with endogenous CD8 protein expression. As a result, all positively selected thymocytes in 8DP4 mice, including those expressing MHC class IIrestricted TCRs, differ entiated exclusively into CD8 + T cells. This indicates that the termination of coreceptor gene transcription during positive selection promotes CD8lineage fate regardless of the MHCrestriction specificity of the TCR and of the particular coreceptor protein that is involved 20 . , RUNX3 (REFS 83, 87, 95) , MAZR (MYC-associated zinc finger protein-related factor) 110 and STAT5 (signal transducer and activator of transcription 5) 53 . In contrast to Cd8a gene expression, tissue-specific expression of the Cd4 gene is not accomplished by Cd4 enhancer elements (E4) [111] [112] [113] , but is mainly controlled by the activation of a silencer element (S4) that is located in the first intron 60, 61, 109, 114 . Nuclear factors that bind to S4 include RUNX1, RUNX3, MYB and HES1 (REFS 95, 109, 115, 116) . b | Changes in co-receptor transcription during positive selection and lineage choice according to the kinetic signalling model. CD8 expression on pre-selection double positive (DP) thymocytes is driven in part by the E8 III Cd8 enhancer, which is turned off by T-cell receptor (TCR)-mediated positive-selection signalling 20, 62 . In CD4 
Transcription factors in lineage choice
Our understanding of CD4/CD8lineage choice has been advanced by the identification of the transcription and nuclear factors involved in the regulation of Cd4 and Cd8 gene transcription. Some of these factors are involved in chromatin remodelling, including Ikaros 73, 74 , Mi2β (also known as Chd4) 75, 76 and the SWI/SnFlike BAF chromatin remodelling complexes 77 , whereas other factors directly regulate the transcription of downstream effector genes [78] [79] [80] [81] [82] [83] [84] [85] [86] . The most relevant factors for this dis cussion are ThPOK (Thelperinducing POZ/Kruppel like factor; also known as cKROX and ZFP67) 47, 81, 84, 85 and RunX3 (runtrelated transcription factor 3) 80, 83, 84, 87 , which, together with TOX (thymus highmobility group (HMG) box protein) 78, 88, 89 and GATA3 (GATAbinding protein 3) 82, 90, 91 , contribute to a molecular understanding of CD4/CD8lineage choice (FIG. 5) .
Th-POK.
ThPOK is a zincfinger protein that is encoded by the Zbtb7b (zincfingerandBTBdomaincontaining 7B) gene 81, 92 . In an exciting series of experiments, two laboratories discovered that ThPOK was important for CD4lineage choice and CD4 + Tcell differentiation 81, 85 . ThPOK is expressed by CD4 + but not by CD8 + T cells 81, 85 and was found to be the molecule that was mutated in helper deficient (HD) mice that could not generate CD4 + T cells 19, 93 . In HD mice, MHC class IIsignalled thymocytes failed to differentiate into CD4 + T cells and instead differentiated into mature CD8 + T cells. These mice were found to have a point mutation in the sec ond zincfinger domain of ThPOK that presumably disrupts DnA binding 81 . Thus, the phenotype of HD mice showed that CD4 + Tcell differentiation requires a functional ThPOK molecule.
Reciprocal experiments revealed that the expression of transgeneencoded ThPOK proteins throughout thymocyte development forced virtually all positively selected thymocytes to differentiate into CD4 + T cells, even those with MHC class Irestricted TCRs 81, 85 . As ThPOK seems to be both necessary and sufficient for CD4lineage choice, it has been suggested that it is a master regulator of CD4lineage choice and CD4 + Tcell differentiation 45 78 . So, TOX seems to be important for maintaining or upregulating CD4 expression in positively selected DP thymocytes 78, 102 . This perspective explains the importance of TOX for CD4 + Tcell differentiation, as CD4 expression is required for persistent MHC class IIrestricted TCR signalling in intermediate thymocytes.
GATA3.
GATA3 is an enhancerbinding zincfinger protein that functions as a lineagespecific transcription factor in T cells at various stages of development 82, 90 . GATA3 is expressed in the earliest progenitor T cells and is required for thymocytes to differentiate beyond the Dn stage of development 90 . GATA3 also has an important role in CD4lineage choice, as has been suggested by observations that GATA3 is preferentially expressed by CD4 + T cells 90 , that GATA3 expression is upregu lated by TCR signalling in DP thymocytes 82 and that sustained expression of GATA3 blocks the generation of CD8 + T cells 91 . In addition, conditional deletion of Gata3 in DP thymocytes markedly decreased CD4 + Tcell numbers without affecting CD8 + Tcell genera tion 103 , which indicates a crucial role for GATA3 in the survival and/or differentiation of positively selected thymocytes into CD4lineage T cells. However, unlike ThPOK, GATA3 does not seem to be a CD4lineage specifying factor because forced expression of GATA3 does not redirect MHC class Irestricted thymocytes to differentiate into CD4 + T cells 82 . In fact, because it is expressed in positively selected thymocytes earlier than either ThPOK or RunX3, GATA3 might func tion upstream of these other factors and consequently its role in CD4lineage choice might be more difficult to discern.
A synthesis. Although our knowledge is still far from complete, it is possible to integrate what we currently understand about the transcriptional activities of ThPOK, RunX3, TOX and GATA3 into a coher ent view of CD4/CD8lineage choice (FIG. 6) and Cd4 gene transcription, which leads to the termi nation of CD4lineage potential and the reinitiation of Cd8 gene expression (in part by activating the e8 I Cd8 enhancer). In the presence of IL7 and other cytokines, CD8lineage thymocytes then proceed to differentiate into mature CD8 + T cells. In this way, cellsurface TCR and coreceptor signal ling can be integrated with the transcriptional factors that are involved in CD4/CD8lineage choice to reveal an increasingly detailed picture of how lineagefate decisions occur in the thymus.
Concluding remarks understanding the basis for CD4/CD8lineage choice in the thymus is central to our understanding of thymocyte development. Consequently, CD4/CD8lineage choice is one of the most intensively studied and debated lineage decisions in immunology. Model building has had an indispensable role in determining the logic by which Nature Reviews | Immunology Environmental cues that influence CD4/CD8-lineage choice ultimately must be translated by developing thymocytes into molecular events mediated by nuclear factors that differentially affect co-receptor gene expression. Here, we consider the interactions among four different transcription factors: Th-POK (T-helper-inducing POZ/Kruppel-like factor), RUNX3 (runt-related transcription factor 3), TOX (thymus high-mobility group box protein) and GATA3 (GATA-binding protein 3). Three of these factors are important for CD4 + T-cell differentiation (Th-POK, TOX and GATA3), whereas only one (RUNX3) is known to be important for CD8 + T-cell differentiation. DP thymocytes ascertain their appropriate lineage fate. However, the rules of logic stipulate that models can never be proven but only disproven, so model testing will continue to provide the driving force behind many of the most informative experiments in this field. Rigorous testing of the kinetic signalling model will hopefully lead to new and deeper insights on this subject, as the proposed role of cytokines in CD8lineage choice opens new avenues of investigation. The recent identification of nuclear factors that are involved in CD4/CD8lineage choice promises to provide the circuitry 102 that links signalling events at the cell membrane with changes in geneexpression patterns during thymocyte selec tion. However, a great deal is yet to be explained and understood, including a molecular definition of line age commitment and a greater understanding of how CD4/CD8lineage choice results in distinct helper and cytotoxic cellular functions.
